Quantum anomalous Hall effect (QAHE),
The three-dimensional topological insulators (TIs) with the energy gap of the bulk state have spinmomentum locked massless Dirac electrons at the surface as protected by time reversal symmetry.
1,2 By breaking time reversal symmetry, e.g. via ferromagnetism, the Dirac energy dispersion acquires massgap. As the top and bottom surface states in thin films are connected by the insulating bulk and the localized state on the narrow side walls, each surface state contributes a half-quantized value of e 2 /2h consequently when Fermi energy (E F ) locates in the induced gap of the surface state. 3 Under this situation, the Hall conductance with the integer quantized values of 0 or ±1 times e 2 /h emerges even without external magnetic field, 4-13 namely quantum anomalous Hall (QAH) effect. The QAH effect is intriguing also for possible application of dissipation-less edge current as controlled by the magnetic domains.
Following the experimental discovery of QAH effect by Chang et al., 6 the QAH effect has been reproducibly observed and reported for the molecular-beam-epitaxy (MBE) grown (Bi,Sb) 2 Te 3 thin films doped with magnetic elements such as Cr [6] [7] [8] [9] [10] [11] and V. 12, 13 However the observable temperature of the QAH effect has been limited below 300 mK, typically at a dilution refrigerator, which is two orders of magnitude lower than the Curie temperature in spite of the large magnetically induced gap of about 50 meV. 14, 15 The main reasons for this discrepancy have not been clarified, but we speculate that those problems must be addressed to realize the robust QAH effect and the exploratory researches of exotic functions based on QAH effect.
In this Letter, we report the observation of QAH effect at 1 K (and possibly subsisting up to 2 K) by applying ferromagnetic (Cr) modulation-doping to topological insulator (Bi 1-y Sb y ) 2 Te 3 (BST) thin films.
In conventional modulation doping, a donor element is introduced apart from a 2D conducting channel at the heterointerface such as GaAs/Al 1-x Ga x As to reduce ionized-impurity scattering, as contrasted by uniform doping. 16, 17 In the present magnetic modulation-doping, high concentration of Cr doped monolayers are introduced to the vicinity of the surface to bestow the ferromagnetism on the spinpolarized surface state and to enhance the effective mass-gap with suppression of disorder.
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The films were grown in a MBE chamber on semi-insulating InP(111) substrates according to the same procedures described in Ref. 7 except for a growth temperature (200 ºC). The total thickness of films was fixed to 8 nm with the deposition rate (~ 0.2 nm/min) determined from X-ray diffraction measurement in uniformly doped samples. In synthesis, Bi, Sb and Te were co-evaporated and Cr was selectively supplied for Cr modulation-doping. It was confirmed in our previous study 18 that the Cr could be doped in selective layers without inter-diffusion. To tune the chemical potential at the charge neutral point, we varied the Bi/Sb composition ratio (y) controlled by beam equivalent pressure of Bi and Sb, and fabricated top-gated field effect transistor devices of Hall-bar geometry with 33-nm AlO x gate dielectric layer. Low-temperature transport measurements were carried out in a Quantum Design Physical Property Measurement System (PPMS) using 3 He system above 0.5 K and in a dilution refrigerator below 0.5 K.
To explore the optimal structure of the modulated TI films for stabilization of QAH effect, we fabricated three devices as shown in Figs. 1(a) -(c). The Bi/Sb ratio (y) was fixed at 0.78. Figure 1 in the "tri-layer" structure ( Fig. 1 (b) ) the top and bottom 1-nm surface layers are intensively Cr-doped (x = 0.46), while in the "penta-layer" structure ( Fig remarkable difference is seen in the width of the QAH plateau against V G variation; the wide plateau in V G variation probably reflects (1) the large effective mass-gap in modulation-doped structure and (2) difficulty of E F tuning via gating. These two possibilities originate from the rich-Cr-doped layer providing larger mass-gap and parasitic conduction in 1-nm layer, but the adverse implication is effectively minimized by the modulated structure.
To clarify the characteristics of QAH effect in each structure, we investigate the magnetic field B probably implies that the domain walls within the small multi-domains provide an objective effect to the edge current conduction. 19 The single-layer configuration ( Fig. 2(a) ) shows appreciable deviations from the quantized value for R yx or zero for R xx at 0. 2(e) show the T dependence of R yx and R xx in the single-layer (gray), tri-layer (blue) and penta-layer (red), respectively; there, a low magnetic field (0.2 T) was applied in order to ensure the formation of a single magnetic domain state. As temperature decreases, R yx increases below Curie temperature because the magnetization becomes large and the magnetic mass-gap opens. In the order of single-, tri-, and penta-layer, the temperature at which R yx approaches the quantized value is getting higher. Another litmus test for the QAH state is the localization of surface-state electrons in QAH regime, which can be characterized by the T dependence of R xx . As lowering temperature, R xx first increases and then decreases toward zero. The most notable trend is that the starting temperature of localization (triangles in Fig. 2(e) ) is getting higher in the order of single-, tri-, and penta-layer; the temperature for singlelayer is ~ 1 K (not 6 K because the temperature is close to Curie temperature), ~ 7 K for tri-layer, and ~ 15 K for penta-layer. From these results, it is concluded that the penta-layer is a most suitable structure for observing higher-temperature QAH effect.
Toward higher temperature realization of QAH effect based on penta-layer, we have exemplified Fig. 3(a) and a minimum value of R xx in Fig. 3(b) . The highest Cr-doped Quantized Hall resistance is observed up to 1 K, where the residual longitudinal resistance is 0.081 h/e 2 , which is a little higher than that at 0. As a final remark, we discuss the origin for the increase in observable temperature of QAH effect in the magnetic modulation doped structures. Since the Hall conductivity in QAH regime is successfully observed with a definite quantized value of ± e 2 /h, i.e. twice a half quantized value, it is likely that the modulation-doping at the vicinity of the top and bottom surfaces keeps the nature of the threedimensional topological insulator for the whole film. In the ideal QAH state, there is no bulk conducting state in the surface mass-gap Δ ∝ JM z , where J is the exchange interaction between surface electrons and magnetic dopant atoms and M z is the magnetization perpendicular to the surface. 5, 20 In real electrical measurements, however, the size of mass-gap is effectively reduced by inhomogeneity of Cr concentration and bulk conducting states. Since the M z is proportional to Cr concentration, the effective mass-gap should be subject to spatial fluctuation in magnetic doped layer, which diminishes the observable temperature of QAH effect far below the Curie temperature. Magnetic modulation doping makes it possible to dope high concentration of Cr and provide strong magnetic coupling between the surface state and the near-by magnetic moments suppressing bulk conduction, which leads to acquisition of large effective mass-gap. This is why the observable temperature is higher in tri-layer and penta-layer than single layer. In contrast, the strength of exchange coupling (J) in the penta-layer would be smaller than in the tri-layer, considering the doped position of magnetic moments. 21 In Cr-doped (Bi,Sb) 2 Te 3 films, the ferromagnetic interaction itself is primarily mediated not by the Dirac electrons (RKKY interaction) but by the bulk property, i.e., the van Vleck mechanism. 4, 22, 23 Therefore, the difference in the mass-gap would come from the difference in the J not M z . However, the QAH state in the pentalayer structure is more stabilized than that in the tri-layer, as shown in Figs. 1 and 2 , while their Curie temperatures are comparable. Therefore, we can conclude that the important factor to enhance the thermal stability of the QAH state is not only the size of effective mass-gap but also its spatial homogeneity, which is improved by the remote doping of the magnetic moments from the surface layer in penta-layer structure.
In conclusion, we have investigated the effects of magnetic modulation doping into topological insulators. By inserting the rich-Cr-doped 1-nm-thick layers locating at 1 nm beneath and above the top and bottom surfaces in the chemical-potential tuned (Bi,Sb) 2 Te 3 (BST) films with the total thickness of 8 nm, we successfully stabilized and observed the clear QAH effect up to 1 K, more than an order of magnitude higher than that for the uniformly Cr-doped BST single-layer film. The impact of the modulation doping is the enhancement of magnetically induced mass-gap because of higher Cr doping concentration as well as the reduction of the doping induced disorder in the surface-state conduction.
The present method based on the topological insulator superlattice engineering 18, 24, 25 would pave a way to deepened researches on zero magnetic-field dissipation-less edge current and further to exploration of exotic topological phenomena. 
